ABSTRACT. Martes species represent a typical example of rapid evolutionary radiation and a recent speciation event. To identify regions of the genome that experienced adaptive evolution, which might provide clues to their functional importance and may be informative about the features that make each species unique, we sought evidence of molecular adaptation in the mitochondrial DNA (mtDNA) cytochrome b gene in the subgenus Martes. Complete sequences of the cytochrome b gene were obtained from 87 samples, including 49 sables, 28 pine martens, and 10 stone martens, and were combined with mtDNA sequences of other true martens, such as M. melampus and M. americana. Analysis of the cytochrome b gene variation in true martens has shown that the evolution of this gene is under negative selection. In contrast, positive selection on the cytochrome b protein has been detected by means of the software TreeSAAP using a phylogenetic reconstruction of Martes taxa. Signatures of adaptive variation in cytochrome b were restricted to the transmembrane domains, which likely function as proton pumps. We compared results of different methods for testing selection and molecular adaptation, and we supposed that the radical changes of the cytochrome b amino acid residues in the subgenus Martes may be the result of molecular adaptation to specific environmental conditions coupled with species dispersals.
INTRODUCTION
Recently, the search for evidence of adaptive evolution at the molecular level has been at the forefront of genetics research. A principal motivation has been to identify regions of the genome that have experienced adaptive evolution because this might provide clues to their functional importance and may be informative about the features that make each species unique. The mitochondrial cytochrome b gene is one of the genes encoding an integral membrane protein component of the cytochrome bc1 complex, which catalyzes the redox transfer of electrons from ubiquinone to cytochrome c in the mitochondrial electron transport chain (Trumpower, 1990) . Because the efficiency of the electron transport chain governs key aspects of aerobic energy metabolism, several investigations have suggested that functional modifications of cytochrome b may be involved in physiological adaptations to different thermal environments (Gershoni et al., 2009) .
One of the ways to detect the adaptive evolution of protein-coding genes is to calculate the positive selection that leads to radical structural or functional shifts in local regions of the protein. For example, McClellan et al. (2005) suggested an estimate of positive-destabilizing selection that represented the unambiguous signature of molecular adaptation because when radical amino acid changes are favored by selection, they result in local directional shifts in biochemical function, structure, or both (McClellan et al., 2005) . Using these methods, many pioneer studies suggested that mutations occurring in mammalian cytochrome b may have functional implications in species with peculiar metabolic requirements, such as adaptation to the low energy diet or large body size of elephants, adaptation to extreme O 2 requirements in cetaceans, and adaptation to high altitudes among alpacas (McClellan and McCracken, 2001; Fink et al., 2004; McClellan et al., 2005; da Fonseca et al., 2008; Foote et al., 2011) .
Here, we devoted special attention to Martes species because they represent a typical example of rapid evolutionary radiation and a recent speciation event (Yu et al., 2011) . The genus Martes has 8 extant species (Anderson, 1970) . Three subgenera of Martes are recognized: Pekania Gray, fisher (M. pennanti); Charronia Gray, yellow-throated marten (M. flavigula) and Nilgiri marten (M. gwatkinsii); and Martes Pinel, true martens (sable M. zibellina, pine marten M. martes, Japanese marten M. melampus, American marten M. americana, and stone marten M. foina) . In the distribution of marten species, the pine marten is mainly present in Western Europe. The sable replaces pine marten at some point east of the Ural Mountains and has a widespread geographic distribution, which is replaced by the yellow-throated marten in East Asia, by the Nilgiri marten in southern India, and by the Japa-nese marten in southern Japan. The stone marten is distributed throughout Eurasia. In North America, 2 species are present, the fisher and American marten.
Because some Martes species are adapted to particular ranges with boreal latitudes, they may be subject to local adaptations of metabolism and energy as previously documented by several investigations of the mitochondrial genome in different vertebrates (McClellan et al., 2005; da Fonseca et al., 2008; Malyarchuk et al., 2010; Foote et al., 2011) . However, there are no studies that revealed the molecular adaptation of the mitochondrial cytochrome b gene in Martes. In our analysis, we sought evidence of adaptive evolution in the cytochrome b gene of the sables from different geographic populations as well as among the pine martens, stone martens, and other species of true martens using several analytical approaches to detect positive selection.
MATERIAL AND METHODS

Sequence data
We examined 87 samples from 8 different regions of Eurasia, including 49 sables, 28 pine martens, and 10 stone martens (Table 1) . Genomic DNA was isolated from various tissues by the standard phenol-chloroform method. The complete cytochrome b gene was amplified by polymerase chain reaction (PCR) with the upstream primer Mz-L1 (Li et al., 2011) and the downstream primer H15915 (Irwin et al., 1991 Number of specimens with designated haplotype is indicated in parentheses. Question-mark denotes that exact geographic origin of the specimen in Russia or in China is unclear. Asterisks denote that detailed geographic origin of haplotypes can be found in references.
Tris-HCl pH 8.3, 50 mM KCl, and 1.5 mM MgCl 2 ), 0.2 mM dNTP, 0.2 μM each primer, and 2.5 units TaqTM DNA polymerase (TaKaRa Biotechnology Dalian Co., China). Amplifications were carried out on a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA, USA) under the following reaction conditions: 94°C for 3 min; 35 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min; and a final extension of 5 min at 72°C. PCR products were recovered and purified using an AxyPrep TM DNA Gel Extraction Kit (AxyGen Biosciences, Hangzhou, China) according to the manufacturer instructions. Recovered PCR products were sequenced directly using the same primers on an ABI 3730 DNA Analyzer (performed by BGI, Beijing, China). Consensus sequences were generated using the SeqMan software (DNAStar Inc., Madison, WI, USA).
Nucleotide sequences of the entire cytochrome b gene of the sables, the pine martens, and the stone martens were deposited in GenBank. In addition, some previously published complete cytochrome b gene sequences were also used for analysis of molecular data ( Table  1) . We did not find any cytochrome b gene sequences of the Nilgiri marten in GenBank, so this taxon was excluded from further analyses.
Alignments and sequence characterizations
Nucleotide sequences of the cytochrome b gene were aligned using the ClustalW algorithm of the program MEGA 5.05 (Tamura et al., 2011) . Molecular diversity indices, such as haplotype diversity (h), nucleotide diversity (π), number of polymorphic sites, number of haplotypes, and number of synonymous and nonsynonymous substitutions were obtained using the programs MEGA 5.05 and DnaSP 5.0 (Librado and Rozas, 2009 ). We also calculated Tajima's and Fu and Li's neutrality statistics using DnaSP 5.0.
Phylogenetic analysis
To reconstruct phylogenetic relationships between the cytochrome b gene haplotypes, a neighbor-joining (NJ) method was used as implemented in MEGA 5.05 (with the Kimura 2-parameter model). Maximum likelihood (ML) analysis was performed using PHYML v.3.0 (Guindon and Gascuel, 2003 ) with the HKY+G model, which is the best-fitting model that is selected by hierarchical likelihood ratio tests (hLRTs) in jModelTest program (Posada, 2008) . The confidence of branches in NJ and ML trees was assessed using non-parametric bootstrapping searches of 1000 replicates.
Bayesian inference (BI) of phylogeny using the Markov Chain Monte Carlo technique (MCMC) was computed using BEAST 1.6.1 (Drummond and Rambaut, 2007 ). The HKY+G model was selected as the best-fitting model of DNA substitution for mitochondrial DNA (mtDNA) segments that were studied using the Bayesian information criterion (BIC) as implemented in MEGA 5.05. Three independent analyses with Markov chains were simulated over 30,000,000 generations. The haplotype trees were visualized by FigTree 1.1.2. Bayesian posterior probabilities (BPP) that were 95% or greater were considered to be significant support (Leache and Reeder, 2002) . As outgroups for the subgenus Martes mtDNAs, we used nucleotide sequences of the yellow-throated marten (Martes flavigula, GenBank accession No. HM106326), wolverine (Gulo gulo, AB051245), fisher (Martes pennanti, AF057131), and American mink (Mustela vison, AF057129).
Testing for the signatures of selection and molecular adaptation
The ratios of the number of nonsynonymous substitutions per nonsynonymous site (Ka or dN) to the number of synonymous substitutions per synonymous site (Ks or dS) between DNA sequences were calculated (Nei and Gojobori, 1986 ) using DnaSP 5.0. A Ka/Ks ratio that is significantly less than 1 indicates negative (purifying) selective pressure, and a ratio that is significantly greater than 1 indicates positive selection (Nielsen, 2001) . The Ka/ Ks values were calculated for interspecific mtDNA divergence (true martens species versus M. flavigula), and the Pi(a)/Pi(s) values were calculated for intraspecific mtDNA comparisons using DnaSP 5.0.
A codon-based Z-test of purifying selection for analysis averaging over all mtDNA sequence pairs within species was used to test for a significant difference between dN and dS estimates, and the variance of the difference (dS-dN) was computed using the bootstrap method (1000 replicates) in MEGA 5.05 (Li et al., 1985) . ML analysis of natural selection for each codon using the test statistic (dS-dN) was also conducted in MEGA 5.05 using the HyPhy software package (Kosakovsky et al., 2005) .
Here, we focus also on amino acid differences that correspond to radical physicochemical variation (positive-destabilizing selection) and are expected to be linked to significant changes in function at the protein level (McClellan and McCracken, 2001; McClellan et al., 2005) . Significant physicochemical amino acid changes among residues in cytochrome b were identified by the algorithm that was implemented in TreeSAAP 3.2 (Woolley et al., 2003) . TreeSAAP categorizes each amino acid site by positively and negatively destabilizing the site using 31 properties (henceforth, amino acid positions will be called sites). The cytochrome b domain organization was taken from McClellan et al. (2005) . To detect strong directional selective pressure, we considered only those changes that corresponded to category 8 (the most radical property changes category) at P ≤ 0.001 level (z-scores > 3.09). TreeSAAP analysis was performed in subfamily Martinae based on the NJ tree of the complete cytochrome b gene sequences.
RESULTS
Cytochrome b gene variability and phylogenetic analysis
After mtDNA sequencing, 25 cytochrome b gene haplotypes that were defined by 53 variable sites were revealed in 49 sables from Russia and China. In contrast, only 4 haplotypes that were defined by 5 variable sites were present in 28 pine martens from Denmark and Sweden. In 10 stone martens from Denmark, 3 haplotypes that were defined by 9 variable sites were found. All of the above haplotypes were respectively deposited in GenBank under accession Nos. HQ386861-HQ386885 for M. zibellina, HQ386886-HQ386888 for M. foina, and HQ386889-HQ386892 for M. martes. We should note also that the sable haplotypes that were deposited in GenBank under accession Nos. HQ386862 and HQ386864-HQ386885 were previously reported elsewhere (Li et al., 2013) . Table 2 summarizes information concerning the molecular diversity and neutrality tests of the studied mtDNA samples. We did not detect identical haplotypes between the sables and pine martens besides the sable haplotype Mz4 found in Daxing'anling Mountains in China and Primorye region (Lazo raion) in Russia, which is identical to a previously reported sequence (AF448241) of the pine marten from Sweden . Table 2 . Diversity indices and neutrality tests for cytochrome b gene in species studied.
Genetic characteristics Species
Martes zibellina Martes martes Martes foina
The highest levels of mtDNA diversity were found in the sable and the stone marten, while the haplotype and nucleotide diversity of the pine marten was much lower ( Table 2 ). The interspecific differences were minimal between the sable and the pine marten (divergence Dxy = 2.45%), whereas differences between the pairs M. foina-M. zibellina and M. foina-M. martes were more pronounced, 8.9 and 7.4%, respectively.
Using additional cytochrome b gene sequences from GenBank, we analyzed phylogenetic relationships between species of true martens (Figure 1 ). Bayesian analysis (as well as NJ and ML results that are not shown here) revealed a strong structured topology of the tree with highly supported groupings at the interspecific level. In agreement with the results of other recent studies Koepfli et al., 2008) , our phylogeny indicates that true martens (subgenus Martes) are monophyletic and sister to the yellow-throated marten (M. flavigula). Within the subgenus Martes, Bayesian analysis demonstrated that M. americana was sister to the clade [M. melampus (M. martes + M. zibellina)]. The same result was attained in the maximum parsimony (MP) tree of the cytochrome b gene , whereas the relationships between M. americana, M. melampus, and (M. martes + M. zibellina) were unresolved in the Bayesian tree that was based on the data matrix comprising 22 gene segments (~12,000 base pairs) (Koepfli et al., 2008) .
In the sable, 2 major clades-A (BPP: 1.0) and B (BPP: 0.99)-were revealed. Clade B was more diverse than clade A after taking into consideration such parameters as the average mean of pairwise nucleotide differences and nucleotide diversity (Table 2 ). In addition, within clade B, there is subclade B1, which had a highly significant BPP that was equal to 0.99.
Testing for the signatures of selection and molecular adaptation
Statistical tests of the neutrality of mtDNA cytochrome b mutations have shown that negative (purifying) selection appears to be characteristic for the mitochondrial genome of the studied species (Table 3) . Very low values of nonsynonymous to synonymous rate ratios (much less than 1.0) were found among mtDNA haplotypes in intra-and interspecific comparisons (Table 2, Table 3 ). Negative selection was detected with highly significant support using the Z-test of selection that was proposed by Li et al. (1985) . Meanwhile, purifying selection can be accompanied by positive selection at particular sites, leading to adaptive evolution. The test statistic (dS-dN) that was produced by ML analysis of selection for each codon found no sites in the true martens that were affected by positive selection. Meanwhile, significant physicochemical amino acid changes among residues in cytochrome b were identified by the algorithm that was implemented in TreeSAAP, which compares the observed distribution of physicochemical changes that are inferred from a phylogenetic tree with an expected distribution based on the assumption of completely random amino acid replacement that is expected under the conditions of selective neutrality (Woolley et al., 2003; McClellan et al., 2005) . As a result, 7 amino acid sites that were influenced by strong positive selection (with changes corresponding to the most radical property changes, category 8, at the P ≤ 0.001 level) were detected by TreeSAAP (Figure 1 ). These sites were mainly located in the transmembrane domains: residue 189 in the D-helix, residues 300 and 304 in the F-helix, and residues 364, 368, and 369 in the H-helix according to the secondary amino acid structure of cytochrome b (McClellan et al., 2005) . Only site 4 in the M. flavigula branch was an amino acid residue where positively selected radical changes took place in the matrix domain in the N-terminal region of cytochrome b. It is also noteworthy that the majority of amino acid changes were detected to be isoleucine to valine and vice versa. TreeSAAP indicated that amino acid substitutions that were revealed in the cytochrome b of true martens resulted in radical shifts in only 1 amino acid property, the equilibrium constant for the ionization of COOH (K').
As we can see, radical changes accumulate sequentially during the process of cladogenesis (Figure 1 ). True martens are characterized by the radical change Ile368Ala, while subsequent taxonomic division is accompanied by radical substitutions Ile304Val and Ile189Val. Positive selection operates also in the M. zibellina branch. In the sable, the Ile369Val substitution is characteristic for clade B animals, and Val300Ile distinguishes the sables from subclade B1 (Figure 1 ). However, molecular adaptation was not detected in the pine marten or the stone marten.
DISCUSSION
It is well known that strong negative (purifying) selection plays a central role in the evolution of mtDNA to keep its important functions in energy metabolism (Stewart et al., 2008; Shen et al., 2010; Sun et al., 2011) . Meanwhile, because negative selection cannot generate "improved" genes that affect the protein phenotype by itself, positive selection is the major mechanism of mtDNA adaptive evolution, taking into account the lack of recombination in animal mitochondria (Kimura, 1983; Shen et al., 2010) . However, positive selection affects only a small fraction of sites, especially in mitochondrial genomes, and is much rarer than negative selection. In general, after a positive selection-driven amino acid replacement is over, positive selection transforms into negative selection (Bazykin and Kondrashov, 2011) . Because cytochrome b (and other mitochondrially encoded proteins) is an extremely conserved protein, thus reflecting its fundamental role in energy production, it is difficult to find evidence of positive selection using standard approaches that are based on nonsynonymous to synonymous rate ratios (McClellan et al., 2005; Zhang et al., 2005; Bazykin and Kondrashov, 2011) . However, insight into the evolution of this protein can be obtained by inspecting amino acid substitutions with the software TreeSAAP, studying molecular adaptation as a function of changes in protein phenotype that result from corresponding changes in suites of physicochemical amino acid properties (McClellan et al., 2005) . In this study, we detected such amino acid sites that were influenced by positive selection during speciation in the subgenus Martes (Figure 1) .
TreeSAAP analysis showed that most of such amino acid sites were located in the transmembrane domains, and the majority of amino acid changes occurred from isoleucine to valine and vice versa. This is consistent with previous studies, which suggested that many of the amino acid replacements within the transmembrane segments include hydrophobic residues, especially leucine, isoleucine, and valine (Irwin et al., 1991) . Although it is proposed that radical changes of amino acids in the transmembrane domains have been involved in the proton-input function (McClellan et al., 2005) , we do not have enough evidence to suggest that mutations occurring in Martes cytochrome b have functional implications, which were discovered in other mammals (McClellan and McCracken, 2001; Fink et al., 2004; McClellan et al., 2005; da Fonseca et al., 2008) .
Amino acid substitutions that were detected in our study were found to be affected by positive-destabilizing selection for only 1 amino acid property, K' (equilibrium constant for the ionization of COOH). However, it is proposed that an increased K' would make the cytochrome b region more water-soluble and hydrophilic, and this may be of great importance regarding reduced reactive oxygen species (ROS) production (Beckstead et al., 2009 ). In addition, we suggest that the radical changes at these cytochrome b residues in true martens may be the result of molecular adaptation to environmental conditions that are associated with species distribution. For example, M. zibellina populates mainly the northern forest, and it extends southward to 42° in the mountainous areas of eastern Asia (Buskirk et al., 1996) . This species requires a stronger ability to adjust its body temperature in winter than more southerndistributed marten species, such as M. flavigula. In addition, although it has similar pelts, the sable is considered better adapted to cold temperatures than the pine marten (Davison et al., 2001) . Therefore, our results revealed that more abundant natural selection on the cytochrome b protein among the sables, in comparison with the pine marten, is consistent with the above consideration. For both species, however, mtDNA studies suggest that Pleistocene climatic conditions played an important role in the phylogeographic differentiation of the pine marten and the sable as well as their phylogenetic groups (Ruiz-Gonzalez, 2011; Li et al., 2013) . Further studies are required to describe processes of possible coevolution of genes and natural habitats of Martes species.
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